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Fluid-attenuated inversion recovery SWI Susceptibility-weighted images T1WI T1-weighted images T2WI T2-weighted images TSC Tuberous sclerosis complex AIM Cerebellar lesions are present in approximately 30% of patients with tuberous sclerosis complex. Although several prior studies have characterized these lesions, our study provides the first description of the specific distribution of these lesions within the cerebellum and the first genotype-phenotype correlation yet to be published.
METHOD We retrospectively reviewed magnetic resonance images from 220 paediatric and adult patients with tuberous sclerosis complex (95 males, 125 females; mean age 22.7y, range 9mo-81y). Sex, age, and genotype of patients with cerebellar lesions were recorded and specific characteristics, including signal intensity, number, shape, presence of enhancement, calcification or haemorrhage, and location within the cerebellar lobules were noted.
RESULTS Fifty-eight patients (26.4%) had 106 cerebellar lesions (62 right, 44 left). The mean number of cerebellar lesions per patient was 1.8 (range [1] [2] [3] [4] [5] [6] . Enhancement was present in 42.4% of lesions and folial retraction in 84%. Calcification was detected in 86.8% of lesions.
Patients with calcified lesions were older (mean age 21.6y) than patients without calcification (11.5y). TSC2 mutations were detected in 41/42 (97.6%) of patients with cerebellar tubers who had genetic testing and one patient had no mutation identified. None of the patients had TSC1 mutation.
INTERPRETATION We provide new information regarding cerebellar lesions in tuberous
sclerosis complex: cerebellar lesions are significantly much more frequent in patients with TSC2 mutations than TSC1 mutations or patients with no mutation identified, and Crus II is the most frequent location of cerebellar lesions. New studies are needed to assess the clinical significance of these lesions.
Cerebellar lesions in tuberous sclerosis complex (TSC) are present in approximately only 30% of patients. There are few studies of cerebellar lesions in TSC (Table I) , showing a prevalence ranging from 10% to 44%. [1] [2] [3] [4] [5] [6] [7] Some of these prior studies have characterized the lesions and their possible correlation with autism; 2, 4 and two performed a longitudinal evaluation. 6, 7 However, studies of genotypephenotype correlations and studies describing the distribution of these lesions within the cerebellum have not been previously published. Information about histological findings of these lesions is also scarce. 8, 9 The cerebellum is comprised of 10 lobules, grouped as the anterior lobe (lobules I-V), posterior lobe (lobules VI-IX), and the flocculonodular lobe (lobule X). 10, 11 Crus I and Crus II are the cerebellar hemispheric lobules lateral to the vermian lobule VII. The development of cerebellum across different species during evolution has shown important changes, from the appearance of the vermis to the important volume increase, mainly in the cognitive lobules (posterior lobe: lobules VI-IX). The increase in cerebellar granule cell number is mainly responsible for this cerebellar growth during evolution and related to higher cognitive functions of the human brain as opposed to other species. 12 In amniotes, the most numerous cell type in the cerebellum is the cerebellar granule neurons that arise from a transient secondary proliferative zone, the external granule layer, which causes cerebellar foliation. While the molecular mechanisms of neurogenesis appear conserved across vertebrates, the external granule layer as a site of transit amplification that occurs in amniotes, is not found in all vertebrates, and is therefore implicated as a key amniote innovation that may have facilitated the emergence of the foliated cerebella found in birds and mammals. 12, 13 The aim of this study was to characterize TSC cerebellar lesions by magnetic resonance imaging (MRI), including their location within the different lobules of the cerebellum, in the largest cohort published to date, and to perform the first genotype-phenotype study of patients with cerebellar lesions.
METHOD
After institutional review board approval, we retrospectively searched for paediatric and adult patients with TSC who underwent brain MRI between January 2006 and June 2013. Inclusion criteria into the study group were diagnosis of definite TSC based on the current TSC Clinical Diagnostic Criteria, 14 and Picture Archiving and Communication System-available brain MRI with high-quality sequences. Exclusion criteria were uncertain TSC diagnosis or incomplete or poor-quality images.
All MRI was performed on either a 1.5-T or a 3.0-T system and standard departmental imaging protocols were used. Sequences included magnetization prepared rapid gradient echo obtained sagittally and reformatted into the axial and coronal planes; turbo spin-echo T2-weighted images (T2WI); fluid-attenuated inversion recovery (FLAIR) images; and either susceptibility-weighted images (SWI) or gradient-echo images in all patients. Gadolinium-enhanced magnetization prepared rapid gradient echo, gadolinium enhanced T1-weighted images (T1WI) and diffusion-weighted images were reviewed when available. Scans were reviewed by a paediatric neuroradiologist (PC) and a paediatric neurologist (SB) by consensus.
All patients with TSC were identified and a review of their latest MRI study was performed to determine whether cerebellar lesions were present. In patients with cerebellar lesions, information about the following features was recorded: age at latest MRI, sex, and type of mutation. Imaging characterization of the cerebellar lesions included the following: number, shape, signal intensity, presence of lesion calcification, haemorrhage, folial retraction, enhancement, and location. The anatomical location was determined using the cerebellar parcellation atlas and nomenclature by Schmahmann et al. and Stoodley et al. 10, 11 The presence of calcification was inferred from low-signal intensity on T2WI sequences and the presence of susceptibility in SWI or gradient echo sequences. Folial retraction was defined as a focal contour anomaly at the periphery of the lesion with associated focal volume loss.
The presence or absence of cerebral tubers and subependymal nodules was noted in all patients.
Statistical analyses were performed using SPSS version 11.5 for Windows (IBM, Armonk, NY, USA). An alpha level of 0.05 was used for all statistical calculations. Contingency tables were analysed using v 2 or Fisher's exact test.
RESULTS
Study participants included 220 patients (95 males, 125 females; mean age 22.7y, range 9mo-81y). Genetic testing results, including TSC1 and TSC2 sequencing and TSC2 deletion testing, were available for 177 patients (eight of whom also had TSC1 deletion testing): 43 had a mutation in TSC1; 103 in TSC2. Twenty-five had no mutation identified, and six patients had a variant of uncertain significance. Fifty-eight patients (26.4%; 29 males; mean age 20.6y, range 2-74y; 28 children <18y) had cerebellar lesions and all of them also had supratentorial tubers and subependymal nodules. A total of 106 cerebellar lesions (62 right, 44 left) were evaluated in these 58 patients. The mean number of lesions per patient was 1.8 (range 1-6). Thirty-seven patients had unilateral lesions; of these 37 patients, 35 had a single lesion (22 on the right, 13 on the left) and two patients had two right cerebellar hemisphere lesions. Twenty-one patients had bilateral lesions. As single lesions, cerebellar lesions were more frequent on the right, although this difference was not statistically significant (p=0.175 two-tailed binomial test against null hypothesis of equal likelihood for left and right). In cases of bilateral cerebellar involvement most patients also had more lesions on the right. Nine patients had more lesions on the right than the left; three patients had more lesions on the left than on the right, and nine patients had equal number of right and left lesions (Table II) . When bilateral involvement was present, the most frequent pattern was one lesion on each side (six patients) and two on the right and one on the left (seven patients). The overall predominance of lesions on the right (62 tubers on the right vs 44 on the left) did not reach statistical significance (p=0.098). No significant differences in number, location, or calcification rate were found between males and females. Fifty-four lesions (50.9%) involved only one lobe, 29 (27.3%) involved two lobes and 23 (21.7%) affected three to five lobes. The most frequent association was Crus II plus VIIA.
Signal characteristics were the following: on T1WI, 11 of 106 (10.4%) were isointense to grey matter and the rest (89.6%) were hypointense to grey matter; on T2WI, 69 of 106 (65.1%) were hyperintense to white matter, 14 of 106 (13.2%) were hypointense, and 23 of 106 (21.7%) were hyperintense with areas of hypointensity; on FLAIR, 41 of 106 (38.7%) were hyperintense to white matter, 16 of 106 (15.1%) were isointense, 30 of 106 (28.3%) were hypointense and 19 of 106 (17.9%) were hyperintense with areas of hypointensity. On SWI or gradient echo, 92 of 106 tubers (86.8%) were hypointense to grey matter. No lesion exhibited haemorrhagic changes. Folial retraction deformity associated with the tuber was noted in 89 of the 106 lesions (84.0%). Seventy-three cerebellar lesions were wedgeshaped, 25 were irregular with distortion of folia, and eight were nodular. Gadolinium was administered to 53 of 58 patients with cerebellar lesions. In this group there were 99 total lesions for evaluation of enhancement patterns. Fortytwo of these 99 lesions (42.4%) showed enhancement on MRI. Lesions were calcified in 51 patients (87.9%). Ninetytwo lesions of 106 were calcified (86.8%). The mean age in the group having at least one calcified cerebellar lesion was 21.6 years (range 3-74y) and in the group with non-calcified lesions was 11.5 years (range 2-25y).
The location of the lesions within the cerebellar hemispheres was more frequent in Crus II, as 54 of 106
What this paper adds
• TSC2 mutations are the predominant genotype in patients with cerebellar lesions.
• Cerebellar lesions are more frequently located in Crus II, followed by Crus I and lobule VIIB.
(50.9%) of lesions lay in this area. Forty-two of 106 lesions (39.6%) involved Crus I and 42 of 106 (39.6%) involved lobule VIIB. Lobules VI, VIIIA, and VIIIB were less frequently involved and no lesions were detected in lobules I-V or in the vermis.
Forty-two patients with cerebellar lesions had mutational study of TSC1 and TSC2. Forty-one (97.6%) of them had a TSC2 mutation and one (2.4%) had no mutation identified in TSC1/TSC2. The single patient with no mutation identified had a complete genetic study of TSC, including Sanger sequencing of TSC1 and TSC2 and MLPA (Multiplex Ligation-dependent Probe Amplification) of TSC1 and TSC2. The predominance of TSC2 mutations and the absence of TSC1 mutations were statistically significant (p<0.001). The main results are summarized in Table II .
DISCUSSION
Our study and others have shown that patients with cerebellar lesions always have supratentorial tubers. 1, 6, 7 In fact, some studies have found that patients with cerebellar lesions have a higher number of cerebral tubers than patients without cerebellar lesions. 1, 7 Consistent with previous reports, [5] [6] [7] we have found cerebellar lesions to be predominantly wedge shaped and hypointense on T1WI and hyperintense on FLAIR and T2WI, except when they have calcifications, which appear hypointense on T2WI and FLAIR (Figs 1-3) . It has been hypothesized that the wedge-shaped configuration of these lesions may be related to the migration pathway of neurons in the cerebellum, as the cerebellar granule cells migrate from the superficial surface inward. 5, 7 We found calcification in 86.7% of the cerebellar lesions in our study. This rate of calcification is far higher than has been reported in other studies. Vaughn et al. found calcifications in 53.7% of cerebellar lesions in a paediatric and young adult cohort (mean age 7.6y [range 0-25y]). 6 In that study, not all patients had SWI or gradient echo images, whereas SWI or gradient echo images were included in every patient in our study. Daghistani et al. found calcifications in 28.7% of cerebellar lesions. 7 Although they used SWI, gradient echo, or computed tomography for specific assessment for calcifications, their study only included children (mean age 6.1y), which may account for the lower presence of lesion calcification. Our study found that patients without lesion calcification are younger (mean age 11.5y [range 2-25y]) than those with calcified cerebellar lesions (mean age 21.6y, range 3-74y). Also, longitudinal studies assessing cerebellar lesions changes have shown that cerebellar lesion calcification tends to appear or worsen with age, mainly in the first 8 years of life. 6, 7 As our patients were older (mean 20.6y [range 2-74y]) than those in previous studies, 6, 7 this age difference likely accounts for a higher percentage of lesional calcification in our cohort. Gadolinium enhancement was found in 42.4% of cerebellar lesions, which is similar to previous reports (32.7%-51%). 6, 7 The predominance of lesions on the right in our patients is difficult to explain with our current knowledge about cerebellar hemispheric development. Also, this difference was not detected in other studies where lesions on right and left were roughly the same. 3, 4, 6, 7 Our hospital is a large TSC referral centre, which may treat patients with TSC with a more severe phenotype. As rightsided cerebellar lesions have been related to higher social isolation and communicative and developmental disturbance compared with left-sided lesions, 4 this selection bias may have contributed to the higher number of right lesions observed in our cohort.
To our knowledge, this study is the first to assess the location of the lesions within the cerebellar lobules.
Anatomical, clinical, and imaging findings suggest that the cerebellum is engaged in cognitive and affective functions, as well as the classical motor ones. There is a functional topography of the cerebellum, based on its connections with sensorimotor and higher-order brain areas, which leads to different cerebellar regions processing sensorimotor, cognitive, and affective information. The sensorimotor representation is located in the anterior lobe (and part of lobule VI) with second representation in lobule VIIIB. The cognitive domain is located in the posterior lobe, with discrete topographic representation depending on the precise domain. Language activation is right lateralized and spatial activation is left lateralized in typical right-handed individuals. The posterior lobe (mainly lobules VI and hemispheric regions of lobule VII) has important connections with the prefrontal and parietal cortex and has been implicated in regulation of many cognitive functions. The posterior vermis connects with limbic and autonomic regions of the brain. 11 We found an interesting pattern of lesion distribution that is possibly related to the specific neurobiology of cerebellar formation. Our patients did not show lesions in the vermis, anterior lobe (lobules I-V) or flocculonodular lobe. The main implicated lobules (Crus I, Crus II, and VIIB) form part of the cognitive cerebellum. The predilection for Crus I, Crus II, and VIIB may relate to the higher volume these lobes occupy in the human cerebellum or to the better conspicuity of lesions in the lateral hemispheres. This Data are n (%) unless otherwise stated. a Twenty-eight children <18y.
b In 58 patients. c Nine patients with same number on left and right, nine patients with more lesions on right than left, three patients with more lesions on left than right.
d Number of times that a cerebellar lesion was located in a specific lobule. Some lesions may span more than a lobule or two different lesions may be located in the same lobule. TSC, tuberous sclerosis complex. predilection may also relate to the higher number of granule cell divisions that occur in these larger lobules, which thus increases the chance for a second hit in a granule-cell progenitor, which would lead to a cluster of double TSC mutant cells and formation of the cerebellar lesion. This mechanism would be similar to that implicated in the formation of cerebral tubers, where a double hit may lead to the formation of giant cells. 15 Data regarding cerebellar development suggest that the main cell type originating from cerebellar lesions may be the granule cell progenitor. 12 This supposition is also supported by the typical wedge-shaped configuration of these lesions, which may reflect the migration pathway of granule cells in the cerebellum, from the superficial surface inward. 7, 12 Very few pathological studies of cerebellar lesions have been published. [7] [8] [9] Giant cells are present in cerebellar lesions as they are in supratentorial tubers and these cells also exhibit both neuronal and glial features. Cerebellar lesions in TSC show marked disorganization of neuronal architecture, with bizarre ectopic neurons in the molecular and granule-cell layers and white matter, along with gliosis and calcification. 9 Interestingly, autopsy findings in a 2-month-old infant with TSC included a focus of cerebellar dysplasia with disorganization of the molecular layer and proliferation of cells of the external granular layer into the subarachnoid space. 8 More pathological studies of cerebellar lesions, including molecular TSC1/TSC2 studies of specific cell types in the lesion, are needed to better characterize the origin of these lesions.
Only one previous publication provides some information about TSC mutations in patients with cerebellar tubers. 3 In that study, eight patients had TSC mutational results and all had TSC2 mutations. Our data also show a clear predominance of TSC2 mutations. No mutation in TSC1 was detected, 41 of 42 (97.6%) patients showed a TSC2 mutation, and one patient had no mutation identified in TSC1/TSC2. The reason for such predominance is not known, but it may be related to the fact that second mutational hits arise more frequently in TSC2 and to the different embryological events during cerebellar development when compared with cerebral cortex development. Interestingly, preference for a specific genotype, specifically TSC2, has already been reported for other TSC manifestations, including cyst-like cerebral tubers, 16 arachnoid cysts, 17 and congenital subependymal giant cell astrocytomas. 18 There are limitations to our study, including its retrospective nature and the potential selection bias, as our hospital is a large TSC referral centre, which may therefore over-represent patients with TSC with a more severe phenotype.
Further studies of cerebellar lesions in TSC and correlation with genotype and detailed clinical and neuropsychological assessment may help us understand the contribution of these lesions to the cognitive phenotype in TSC.
CONCLUSION
Cerebellar lesions tend to cluster in the posterior lobe (especially Crus II), which has mainly cognitive functions. Patients with cerebellar lesions seem usually to have TSC2 mutations; no TSC1 mutations were identified in our cohort.
